INTRODUCTION
A toxicopathic liver disease of unknown etiology caused high mortality in pen-reared Atlantic salmon, Salmo salar, in Port Townsend Bay, Washington, USA in 1986 (Kent et al. 1988 . Histopathological characteristics of the disease are diffuse hydropic degeneration, necrosis and megalocytosis of hepatocytes, perivascular cuffing, and melano-macrophage infiltration of the liver parenchyma (Kent et al. 1988) . Henceforth, we refer to this apparently unique and specific disease a s 'netpen liver disease' or NLD. Kent et al. (1988) concluded that the cause of NLD was a water-borne toxicant. The histological appearance of the liver lesions was consistent with those of toxicopathic diseases and extensive examinations did not reveal an infectious agent associated with the condition. The source of the toxicant was most likely through the water column rather than the feed, because liver lesions were not detected in Atlantic salmon that were fed the same commercial diet but maintained at a different site. Although there is strong presumptive evidence that 9 Inter-Research/Printed in F. R. Germany NLD is caused by a water-borne toxicant, its source and identity are unknown. Extensive chemical analyses of affected tissues, water, and sediment did not reveal its source or identity (Johnson 1988) . In Port Townsend Bay, the only major source of industrial discharge is a pulp mill that discharges ca 1 2 million gallons per day into the bay. However, Atlantic salmon smolts exposed to high concentrations of this effluent for 4 mo did not develop NLD (Kent & Elston 1989) . The commercial aquaculture company that reared the affected fish terminated netpen operations in Port Townsend Bay after the 1987 epizootic, a n d in 1988 another company introduced Atlantic salmon smolts at a third site in this bay. This farm also reared chinook salmon, Oncorhynchus tshawtyscha, and Donaldson steelhead trout (rainbow X steelhead), Salrno gairdneri. We report here on the prevalence and severity of NLD in salmonid and non-salmonid fishes from Port Townsend Bay, and on the occurrence of the disease at netpen facilities in British Columbia, Canada. Resolution of the liver lesions in affected fish that were transferred to clean sea water during the 1987 epizootic is also described.
MATERIALS AND METHODS
Histology. The presence and severity of NLD was based on histological examinations of livers. Livers were collected from freshly killed fish, fixed in Davidson's or Bouin's solutions (Humason 1979) , and processed for histological examination using standard techniques. Slides were stained with hematoxylin and eosin or Brown and Brenn Gram stain (Luna 1968 Recovery after transfer to clean water. Fifty-one Atlantic salmon from the 1987 epizootic were transferred to the Battelle Marine Science Laboratory, Sequim, Washington, USA, to determine if fish transferred to water without the presumed toxicant recovered, and exhibited liver regeneration and neo- plastlc lesions. The fish were maintained in an open system aquarium receiving sand-filtered seawater at 9 to 12OC, wlth salinities between 28 and 30 ppt. Fish were fed daily with the same commercial diet used at Site I1 during the 1987 eplzootic. Ten fish were examined at the time of transfer and samples of 5 fish each were examined at 1, 3, and 6 mo posttransfer (PT). At 9 mo PT the study was terminated and the remaining 17 fish were collected and examined.
To ensure that the unknown toxicant was absent from the water at Battelle during the experiment, 30 healthy Atlantic salmon from an unaffected netpen site (Site 3, Fig. 1 ) at Port Angeles, Washington were transferred to Battelle on 28 October 1987 and allowed to cohabit with the affected fish from Site 111. The livers of 10 of these fish were examined by histology at the time of transfer and at 2 and 8 mo PT.
Geographical distribution of NLD. Atlantic salmon at 6 netpen sites in British Columbia ( Fig. 1) were examined for the presence of the liver disease. Most examinations were conducted in the summer of 1988, but fish collected in previous summers were used at 2 sites that did not maintain Atlantic salmon smolts In 1988. At least 15 fish were examined at each of these sites.
RESULTS

Port Townsend Bay, Site 111
Mortality in salmonids Mortality in Atlantic salmon smolts was high throughout the summer ( Fig. 2 ) with a cumulative mortality of 65 O/O. Cumulative mortalities in large chinook (introduced in October 1987), small chinook (introduced in June 1988), and ralnbow trout (introduced in June 1988) were 7, 23 and 13 % , respectively. Histology of salmonids Prevalence and severity of liver lesions associated with NLD in salmonids reared at Site 111 are reported In Table 1 . NLD was detected in Atlantic salmon, rainbow trout and small chinook, while large chinook exhibited no histological signs of the disease. Mild lesions (+) were characterized by proliferation of bile preductual cells, mild nuclear pleomorphism and individual necrotic hepatocytes scattered throughout the liver parenchyma (Figs. 3, 4 ) , and were more prevalent early in the summer (Table 1) . Moderate (+ +) and severe (+ + +) lesions were characterized by prominent nuclear pleomorphism leading to megalocytosis, diffuse necrosis and vacuolation of hepatocytes, perivascular cuffing by inflammatory cells and cerold deposition in macrophages (Figs. 5, 6) . Loss of normal tubulosinusoid architecture of the liver parenchyma was observed in concurrence 
Non-salmonid fishes
Histological examination of shiner perch, English sole, and herring collected in Port Townsend Bay during epizootics of NLD showed no signs of the disease.
Geographical distribution
In addition to Port Townsend Bay, NLD was detected in Atlantic salmon reared at 5 netpen farms throughout British Columbia (Fig. 1 ).
Recovery after transfer to clean sea water NLD was observed in the 10 Atlantic salmon examined when they were transferred from Site I1 to clean water at Battelle in September 1987. The livers appeared atrophied, pale and mottled. Histological examination revealed severe lesions prominent perivascular cuffing, megalocytosis, vacuolation and necrosis of hepatocytes and a loss of normal liver architecture was observed in all (Fig. 6) .
Nine fish died within 1 w k after transfer to Battelle.
These fish were not examined histologically. After 1 wk, the remaining 32 fish appeared healthy and no additional mortality occurred throughout the study. At 1 mo PT, livers appeared grossly normal in the 5 fish examined. However, histological examination revealed pathological changes characteristic of NLD in all livers (Fig. 7 ) . Although the livers exhibited areas of regeneration, the majority of the liver parenchyma had toxicopathic changes similar to those observed at the time of transport.
At 3 mo PT, livers of 4 of the 5 fish examined had almost completely regenerated. The livers exhibited normal tubulosinusoid architecture and most hepatocytes had normal nuclear morphology. However, megalocytic hepatocytes were scattered throughout the liver parenchyma (Fig. 8) . The fifth liver continued to exhibit perivascular cuffing and had numerous melano-macrophage aggregates.
At 6 and 9 mo PT livers appeared essentially normal, but contained individual megalocytic hepatocytes. They were observed in small numbers in all of the 5 fish collected at 6 mo, and were observed in 9 of 17 livers collected at 9 mo PT. No neoplastic or preneoplastic lesions were detected in any livers.
The healthy Atlantic salmon transferred from Port Angeles (Site 3) and cohabited with affected fish remained normal throughout the study. Histological examination of these fish at 2 and 8 mo PT showed no signs of NLD. 
DISCUSSION
Netpen liver disease has occurred in Port Townsend Bay for 3 successive years, and its association with high mortality in Atlantic salmon indicates that it is a major factor in preventing the rearing of this species in netpens in this bay. Observations of NLD in 1986 and indicate that the disease is a summer phenomenon (Kent et al. 1988) . Although Atlantic salmon are usually introduced to netpens in late spring, time of seawater entry does not appear to affect the seasonality of the disease. In 1987, smolts were introduced to netpens in early March, whereas in 1988 smolts were introduced in early June. Not withstanding this, pathological changes indicative of NLD were first observed in both years in late June to early July. Furthermore, fish introduced to an experimental netpen at Site 11 on 29 August 1988 exhibited Liver lesions consistent with NLD 14 d later (Kent & Elston 1989) , indicating that lesions occur shortly after exposure to the unknown toxicant.
Although mortalities continued throughout fall and winter during the 1986 epizootic, the livers of affected fish exhibited marked regeneration (Kent et al. 1988) . Similar recoveries were observed in the 1988 epizootic. Mortalities in the Atlantic salmon declined dramatically in the late fall (Fig. l) , and histological examination of surviving fish in February 1989 indicated that the livers had almost completely recovered. This suggests that the toxicant is not present in high concentration in Port Townsend Bay in late fall and winter. Therefore, the toxicant is apparently first present at affected sites, or at least in Port Townsend Bay, approximately in June, persists at least through August, and diminishes in fall and winter. The seventy and prevalence of the liver lesions during the summer and early fall, and the concurrence of liver regeneration with decreased mortality in the winter indicate that NLD was a significant cause of mortality in the Atlantic salmon in 1988.
Severely affected fish from the 1988 epizootic exhibited lesions identical to those of the 1986 and 1987 epizootics described by Kent et al. (1988) . Characteristic of NLD, livers of these fish showed prominent megalocytosis, necrosis and perivascular cuffing. However, In mildly affected fish early in the disease, vacuolation and necrosis of hepatocytes were not always predominant features, and proliferation of preductule cells was often observed. Bile preductule cell proliferation was not previously associated with NLD (Kent et al. 1988) and this difference may be due to the health status of the fish. Whereas livers of moribund fish were examined during the 1986 and 1987 epizootics, apparently healthy fish were examined in the present study. It is likely that the severe necrotic changes in the livers of moribund fish examined in 1986 and 1987 masked the proliferative changes in bile ductules.
Livers of Atlantic salmon with severe NLD recovered after they were transferred to clean water at Battelle. Salinities and water temperature at Battelle and Port Townscnd were similar, but several fish died shortly after transfer. This was most likely due to handling and transport stress. Although livers exhibited substantial hepatocellular regeneration and recovery 1 mo PT, megalocytic hepatocytes persisted until the study was terminated at 9 mo. Megalocytosis is commonly interpreted as a failure of cell division, resulting in polyploid hepatocytes as a consequence of disrupted mitosis (Wales 1967 , Sinnhuber et al. 1977 . Its presence is used as an early indication of hepatocarcinogenhepatotoxin exposure in the natural environment (Myers et al. 1987) . Our transfer study has demonstrated that megalocytic hepatocytes can persist for many months after the toxlcant is removed and the Liver has regenerated. The presence of these cells in a n otherwise normal Liver can therefore b e used as an indication of an earlier liver intoxication. Based on numerous studies of hepatocarcinogensis in fishes (Hendricks 1982 , Hendricks et al. 1984 , Couch & Harshbarger 1985 , Hawkins et al. 1985 , Hinton et al. 1988 ), 9 mo PT (which was ca 12 mo after initial exposure) should have provided adequate time for the appearance of neoplastic or preneoplastic lesions in affected livers. These lesions were not observed in any fish after transfer to clean water, which indicates that the toxicant causing NLD is most likely not a strong hepatocarcinogen, at least for Atlantic salmon.
Lesions consistent with NLD were observed in all 3 salmonid fishes examined. The pattern and cellular changes appeared similar in all 3, but the severity and prevalence of lesions were greater in Atlantic salmon (Table 1) . Of the 2 groups of chinook salmon maintained at Site 111, only the small fish group was affected. This suggests that, at least for chinook sal.-mon, small fish are more sensitive to the disease than large fish. Based on results from herring and shiner perch, non-salmonid fishes appear to be resistent to NLD.
The source and identity of the presumed water-borne toxicant have yet to be determined, and extensive chemical analysis of affected Atlantic salmon tissues. water, and sediment from around the pens indicated no significant chemical contamination (Johnson 1988) . The Port Townsend Paper mill is the only source of significant discharge into the bay. However, this is apparently not the source of the toxicant because Atlantic salmon exposed to 30 '10 effluent from the mill in a bioassay conducted for 4 mo showed no histological signs of NLD (Kent & Elston 1989) .
Observations of the disease at several locations in British Columbia indicate that unknown toxicant causing NLD is widespread in the Pacific Northwest. These sites in British Columbia are located in apparently unpolluted areas. This observation, and the lack of significant levels of identifiable anthropogenic contaminants in Port Townsend Bay (Johnson 1988) , suggest that the cause of NLD may b e a natural toxin.
Megalocytosis, the hallmark of NLD, has been induced experimentally in fishes by exposure to a variety of chemical agents including polychlonnated biphenyls (Hinton et al. 1978) , endrin (Eller 1971) , and nitrosamines (Stanton 1965 , Ashley & Halver 1968 . The condition has also been observed in wild fishes from polluted waters (Myers et al. 1987 , Peters et al. 1987 . Aflatoxin and pyrrolizidine alkaloids (PAS) are natural con~pounds that are potent inducers of megalocytosis in fishes (Wales 1967 , Hendncks et al. 1981 and mammals (Butler 1964 , McLean 1970 , Dix 1984 , Maddocks 1986 . There are similarities between the NLD and liver disease caused by PAS. Hendricks et al. (1981) experimentally induced liver lesions in rainbow trout, Salmo gairdneri, with PAS. As typical of NLD, livers of exposed trout exhibited megalocytosis, hepatic necrosis and bile duct proliferation, and affected livers often appeared shriveled, mottled, and yellow (Hendricks et al. 1981) . PAS occur in several terrestrial plants and they often cause liver disease in domestic herbivores (McLean 1970 , Maddocks 1986 . To date, however, PAS have not been reported from the aquatic environment.
Aflatoxin B1 is an unlikely cause of NLD. It is a potent hepatocarcinogen of salmonids, particularly in rainbow trout (Wolf & Jackson 1967 , Wales 1970 ), but no neoplasms or preneoplastic lesions have been associated with NLD. Furthermore, aflatoxin is usually associated with feed contaminated with Aspergillus fungus, and Kent et al. (1988) demonstrated that NLD was not related to diet.
Our present hypothesis is that the agent may b e a phytotoxin from algae. Algal blooms are common at the affected sites and the disease invariably occurs during summer, when these blooms are most prevalent. Several species of marine planktonic algae have been associated with mortalities in pen-reared salmonid fishes in North America and Europe (Gaines & Taylor 1986 , Tangen 1988 . When pathological descriptions were included, they usually indicated that the fish succumbed to gill damage. Liver damage in pen-reared Atlantic salmon was associated with a bloom of a Chattonella-like alga in Loch Triven, Scotland (Tett 1980) , and recently, T. Poppe , (National Veterinary Institute, Oslo, Norway, pers. comm.), observed hepatic necrosis in pen-reared Atlantic salmon in association with blooms of Gyrodineum aureoleum. However, megalocytosis apparently were not a hallmark of these liver diseases. We are continuing to investigate the source and identity of the unknown toxicant. To this end, we will compare algae occurring at affected and unaffected sites in attempt to identify algae associated with the diseae. Additionally, we will conduct bioassays with liver and algal extracts from affected fish in an attempt to identify the chemical nature of the toxicant.
